The Raman spectroscopy technique is a powerful and non-invasive technique for molecular fingerprint detection which has been widely used in many areas, such as food safety, drug safety, and environmental testing. But Raman signals can be easily corrupted by a fluorescent background, therefore we presented a baseline correction algorithm to suppress the fluorescent background in this paper. In this algorithm, the background of the Raman signal was suppressed by fitting a curve called a baseline using a cyclic approximation method. Instead of the traditional polynomial fitting, we used the B-spline as the fitting algorithm due to its advantages of low-order and smoothness, which can avoid under-fitting and over-fitting effectively. In addition, we also presented an automatic adaptive knot generation method to replace traditional uniform knots. This algorithm can obtain the desired performance for most Raman spectra with varying baselines without any user input or preprocessing step. In the simulation, three kinds of fluorescent background lines were introduced to test the effectiveness of the proposed method. We showed that two real Raman spectra (parathionmethyl and colza oil) can be detected and their baselines were also corrected by the proposed method.
Introduction
Raman spectroscopy can detect the vibrational information of molecules, so it is commonly used for qualitative or quantitative analysis in many areas [1] [2] [3] . It is expected to play a greater role in many areas due to its advantage of being rapid and non-invasive, especially in food and environmental testing. However, a fluorescent background (baseline drift) is a widespread phenomenon in modern Raman spectroscopy instrumentation, which brings a very negative impact to the feature extraction of a Raman signal. In order to detect the Raman peaks and measure their intensity accurately, the elimination of the baseline is necessary.
Many methods have been proposed to reduce the fluorescent background of Raman spectroscopy. These methods can be grouped into three categories: Physical or chemical methods, instrumentation improvement, and numerical analysis methods.
Physical or chemical methods: Macdonald [4] used photobleaching to reduce the fluorescent background of painted textiles. However, this method was time-consuming and the relative intensities of the Raman peaks were seen to alter progressively as a result of irradiation. Friedman [5] used fluorescence quenchers to reduce the fluorescence emission intensity of the samples, but the quenchers also altered the Raman peaks. McCain [6] used instrument improvements to damp the fluorescence and used two spectra excited with slightly different laser frequencies, then a difference Raman spectrum was obtained by subtracting one spectrum from the other. This method, called shifted excitation Raman difference spectroscopy (SERDS), assumes that the fluorescence does not change and the Raman scattering is shifted by the frequency difference of the two excitations, so the fluorescence common to both spectra is removed. This method requires two lasers with high frequency stability, so the device is relatively expensive.
Numerical analysis methods (also called baseline correction): These kinds of methods can be directly applied in the existing device without any physical or chemical additives, so it is a hot spot of current research [7] [8] [9] . In brief, wavelet-based and polynomial fitting-based methods are two popular methods for baseline correction. Bertinetto [7] recognized the peaks and baseline in spectra based on the continuous wavelet transform (CWT) and Shannon entropy, but the shapes of the Raman peaks were easily changed during the transform. Polynomial fitting is another popular method for baseline correction that can keep the Raman peak shape well. However, this method is prone to under-fitting and over-fitting, and the fitting order is difficult to determine. The piecewise polynomial [8] can deal with this problem, but it requires the user to identify the 'nonRaman' location, which inevitably involves subjective factors. Other methods for baseline correction have also been proposed. For example, Sun [9] corrected the baseline drift by piecewise linear fitting based on automatic critical-point-seeking; this method was very sensitive to noise. In addition, curve fitting is used to analyze hyperspectral images, as outlined and implemented in these references: Brown [10] , Brown et al [11] .
In this paper, we present adaptive knots B-spline fitting for the fluorescent background suppression of a Raman signal. The proposed method is one which does not alter the shape of Raman peaks. It replaces the polynomial fitting by B-spline (a piecewise fitting method) to avoid over-and under-fitting, and generates the adaptive B-spline knots by detecting the Raman peaks automatically. Moreover, the proposed method can be easily implemented in a microprocessor without any complex operation.
A brief outline of the main features of the proposed algorithm is first described, including the B-spline fitting method, adaptive knots decision, and baseline fitting iteration. Then its performance on different kinds of fluorescent backgrounds is tested. Finally, the results and discussion obtained from the real experiments are presented.
Methodology

B-spline fitting
As a simple and effective tool to fit a curve, the B-spline fitting method can be used to fit the baseline of Raman spectra.
, which describes a 2D curve, its B-spline fitting curve can be expressed by:
where
, called the B-spline basis function, is defined over the knot vector t;
is the control array; k is the order (degree + 1) of the B-spline curve; s i is the estimation of y i . The elements of t can be expressed by:
Researchers have found that a set of well-chosen knots contributes greatly to the accuracy of a B-spline fitting [12] . In this study, we propose using the adaptive knots decision method based on the Raman peaks of the spectra (next section).
Given the knot vector t, the B-spline basis function [11] can be defined by the De Boor formula:
Once the knot vector t has been decided, the value of each B-spline basis function for each { } = x i i n 1 is also determined. The next step is to calculate the control array
. Generally, this control array is calculated by a least squares solution.
In order to use this least squares solution, first we rewrite the B-spline fitting curve as:
y s e cB x e i n , 1, 2, ...,
where e j is the fitting error. So equation (4) can also be expressed in matrix form:
So C is the control array, and the least squares criterion must be minimized, which means:
where C is the estimation of C.
Adaptive knots decision
The positions of the knots are the most important factor that influences the shape of the baseline fitted by B-spline. The proposed algorithm considers the Raman peaks as the demarcation points of the baseline. Therefore, the positions of the Raman peaks are first detected. There are many criteria to detect Raman peaks, such as SNR, ridge line, the model-based criterion, and so on [13, 14] . In this paper, the continuous wavelet transform (CWT) [12] is used. Herein, the CWT is introduced in brief; the process of the CWT can be represented as follows:
where ( ) S t is the Raman signal; a is the scale; b is the shifting;
is the mother wavelet; C is a matrix of wavelet coefficients.
The Mexican Hat wavelet is selected as the mother wavelet of equation (7), which can be expressed as follows:
After this processing, the corresponding CWT coefficients at each scale have local maximums around the peak centers. These local maximums change along the CWT scales and reach a maximum when the scale best matches the peak width.
Once Raman peaks are detected, their positions can be used as the candidates for B-spline knots. But the positions of Raman peaks are unpredictable, so a certain adjustment should be performed first. The principle of this adjustment is that the positions of the B-spline knots cannot be too close or too far apart: If the knots are too close, this may cause over-fitting; and if the adjacent knots are too far apart, it may cause underfitting. Here, we add the necessary knots and delete redundant knots after the Raman peak detection. The process of the adaptive knots decision method can be described as follows.
Step 1: implement the CWT on the original Raman signal using the Mexican Hat as the mother wavelet.
Step 2: identify the ridges by linking the local maxima of the corresponding CWT coefficients [14] .
Step 3: identify the peaks
based on the ridges lines [15] .
Step 4: give the adaptive knots t from P: (1) 
Baseline fitting of Raman spectroscopy
The baseline fitting algorithm of the proposed method is adaptive knots B-spline fitting. This method fits the baseline of the Raman spectrum by an iterative fitting process. The detailed processes are shown below. This process repeats until the difference between two subsequent current curves decreases below the threshold. The last current curve is used as the baseline, which would be subtracted from the original Raman spectrum.
The detailed process can be described as follows.
Step 1: identify the Raman peaks of the original spectrum S 0 , and generate the knots vector for the B-spline, as shown in the previous section.
Step 2: fit the current data set u j by the adaptive knots B-spline and obtain the curve + u j j , 1 , where = u S 0 0 with n data points.
Step 3: compare the data points between u j and + u j j , 1 , use the minimum points as the processing object of the next iteration + u j 1 .
Step 4: perform the iteration until The flowchart is shown in figure 1.
Results and discussion
Simulation
In the simulations, Raman spectra with different baselines and noise were simulated and used to evaluate our proposed method. The simulated spectrum was the sum of a pure Raman signal, and background and random noise, which can be described as:
where ( ) S x was the simulated spectrum, ( ) P x was the pure Raman signal, ( ) B x was the background, and ( ) N x was the random noise.
The pure Raman signal ( ) P x was composed of several Raman peaks. Each peak was described by a Voigt function, which was the approximation of the mathematical convolution of the Gaussian and Lorentzian functions [16, 17] :
where ( ) V x was the simulated Raman peak, ω was the peak position, α was the maximum intensity, γ was the half width at half height, and β was the fractional parameter. In the simulation, we generated five Raman peaks by Voigt functions with different parameters, ω, α, γ and β.
Three types of background were applied in the simulation, which can be described as: Random noise was also added to the simulated spectra. We used the signal-noise ratio (SNR) to evaluate the noise level, which can be described as: 
where P S was the RMS (root mean square) amplitude of the pure Raman signal spectrum (ignoring the baseline) and P N was the RMS amplitude of the noise. To evaluate the results, the root mean-square error (RMSE) was introduced to describe the difference between the real baseline and the estimated baseline in this study. Herein, the RMSE can only be used in the simulation because the baseline of a real Raman spectrum was not available. The RMSE was defined as follows:
where ( ) B x i was the ith point of the estimated baseline. In the simulation, we tested the performance of the proposed method on different types of background and different levels of noise. First, we generated the pure signal with five Raman peaks, where the 2nd and 3rd peaks were very close, and the 3rd and 4th peaks were far apart. Then we added three types of background as in equations (12)- (14) and random noise to the pure signal, as shown in figure 2 . Herein, the SNR of the three simulated spectra is 25 dB.
According to the steps in the last section, CWT was first performed to detect the Raman peaks of the three simulated spectra. Then the adaptive knot vector t was generated: This knot vector can be divided into three parts: exterior knots, boundary knots, and interior knots. (1) The first three knots and last three knots were the exterior knots, which were outside the domain of wavenumber. The number of exterior knots was dependent on the degree of B-spline. In both the simulations and experiments, we used a 3-degree B-spline (4-order, k = 4 in equation (1)), so the number of exterior knots was 6. Their interval was the length of the domain of wavenumber. (2) The boundary knots were the minimum and maximum of the wavenumber. (3) The interior knots were the B-spline knots inside the domain of wavenumber, which were generated by the proposed adaptive knots decision method. The approximated baselines of the three spectra by the proposed algorithm are shown in figure 2 .
From figure 2 we can see that the proposed method can obtain satisfying corrected results for all three kinds of baseline. Moreover, the RMSE between the given and estimated baselines were 7.39, 7.43, and 7.41, which meant that the 
proposed algorithm has high estimated accuracy and adaptive ability to different baselines.
To test the anti-noise capability of the proposed method, we increased the noise intensity and evaluated the RMSEs of the results, as shown in figure 3 . A shown in figure 3 1000 simulations were done in each SNR, and then the mean value and standard deviation were both given, as shown in panels (a) and (b). From figure 3 we can find that the mean values of the RMSEs increased with the decrease of SNR, which meant that the baselines were affected by the noise level. Meanwhile, the standard deviations of the RMSEs also increased with the SNR, which meant the stability of the proposed method is also affected by the noise level. Therefore, if the Raman spectra were given in a high noise background, it was necessary to carry out a de-noising processing before using the proposed method, such as wavelet transform, S-G (Savitzky-Golay) filter, and EMD (empirical mode decomposition).
Experiment
In our experiment, we measured the Raman spectra of parathion-methyl (PM, 10 ppm) and colza oil (CO, 10 ppm), as shown in figure 4 . The parameters were as follows: ζ = 0.5, B-spline order = 4, SNR = 5, and ridge length = 10 (SNR and ridge length were parameters for peak detection, see 'step 3' in the 'adaptive knot decision' and [14] ). The Raman peaks detected were: 
CO
The baselines fitted by the proposed method are also shown in figure 4 . Here, the de-noising processing was not performed because the noise intensity was not too high. The performance of the baselines fitted was satisfying: The baselines were quite smooth without under-or over-fitting; in particular these gradients were relatively smooth near the edges.
Beside the proposed method, we also performed the conventional polynomial fitting method (5-order) and the penalized least squares method [13] . The polynomial fitting was performed to fit the baseline of the Raman spectrum of colza oil, as shown in figure 5 , and the penalized least squares method was performed to fit the baseline of the Raman spectrum of parathion-methyl using the R language package 'baseline Wavelet' (proposed by the authors of [15] ), as shown in figure 6 . For polynomial fitting, under-and over-fitting both appeared in different parts of the same baseline (near 800 cm baseline was good without under-or over-fitting, but it was not a smooth line, which did not confirm to the actual situation. The reason was that the penalized least squares is a piecewise fitting method which does not consider the joints between the pieces.
We developed a portable Raman device based on an embedded microprocessor, and performed the above experiments. The proposed B-spline based algorithm was implemented on the microprocessor, i.e. the STM32F407IGT6 (168MHz, based on ARM Cortex-M4, integrated DSP orders and floating point unit), which is produced by STMicroelectronics. All the variables (e.g. original spectrum ) were coded using a 32-bit floating-point. The original and corrected spectra of parathion-methyl on the developed device are shown in figure 7 , in which the corrected spectrum is very close to the simulation result in the computer. Another important aspect to be considered was the computational burden, which can be evaluated by the time consumption. The time consumption depends on three factors: The performance of the microprocessor, the length of the Raman spectra, and the shape of the the Raman spectra (for example, the number and distribution of the Raman peaks). In our device, the time consumption for correcting a Raman spectrum was below 10 s for most conditions.
Conclusion
In this paper we presented a baseline algorithm for Raman spectroscopy based on an adaptive knots B-spline. It first detected the Raman peaks by CWT and generated the B-spline knots automatically. It finally approximated the baseline by an iteration process using a B-spline. The simulation and experiment results showed the efficiency of the proposed method for different kinds of baseline, as well as its anti-noise capability. Moreover, the proposed algorithm can be a good candidate to correct the baseline for other kinds of spectroscopy, and it can also be easily implemented in the microprocessors for embedded Raman devices. 
